Purpose: Lung cancer stem cells (CSC) with elevated aldehyde dehydrogenase (ALDH) activity are selfrenewing, clonogenic, and tumorigenic. The purpose of our study is to elucidate the mechanisms by which lung CSCs are regulated.
Introduction
The "cancer stem cell (CSC)" model proposes that tumor progression, drug resistance, metastasis, and relapse after therapy may be driven by a subset of cells within a tumor representing a functionally important example of intratumor heterogeneity (1, 2) . Since the discovery of CSCs in breast cancer pleural effusions, accumulating evidence has supported the existence of CSCs in many solid tumors, which share important characteristics with embryonic and normal tissue stem cells, such as self-renewal capability and the competency to undergo differentiation (3) . In nonsmall cell lung cancers (NSCLC), several populations of CSCs have been identified and characterized by the expression of CSC markers, including CD133, CD44, aldehyde dehydrogenase (ALDH), and Side Population (SP; refs. 4-7). Ho and colleagues showed that as few as 1,000 isolated SP cells from 6 lung cancer lines could generate xenograft tumors in NOD/SCID mice, whereas the bulk of the SP À tumor cells could not (5) . Eramo and colleagues found that CD133 þ subpopulations in some NSCLC and small cell lung cancer (SCLC) tumors are self-renewing and highly tumorigenic and are capable of efficiently propagating the disease both in vitro and in vivo (8) . However several followup studies using SP and CD133 as identifiers of lung CSCs indicated these markers frequently identify non-CSC subpopulations, signifying a need for more reliable methods to identify and isolate lung CSCs (9, 10) .
More recently, elevated ALDH activity has been employed as a CSC marker in multiple tumor types (11) (12) (13) . We and others have identified a subpopulation of ALDH þ NSCLC cells with increased malignant behavior in many tumor cell lines and patient samples using the flow cytometry-based Aldefluor assay (6, 14, 15) . Similar to findings in other types of cancers, ALDH þ tumor cells isolated from patient lung tumors and lung cancer cell lines are enriched in highly tumorigenic and clonogenic cells which are capable of self renewal (6, (16) (17) (18) . Of the 19 isozymes in this family, class one aldehyde dehydrogenases (ALDH1) are frequently associated with alcohol metabolism, retinoic acid synthesis, drug resistance, and stem cell homeostasis (19) (20) (21) . Recently, expression of the ALDH1A1 isozyme was shown to be a biomarker of poor prognosis in tumors of the breast, colon, ovary, and lung (22) (23) (24) . However, additional evidence in metastatic breast and colon cancers implicated another ALDH isozyme, ALDH1A3, and other class one ALDH isozymes as putative CSC markers (18, 25, 26) . Therefore, a thorough understanding of the expression and function of the role of specific ALDH isozymes in lung CSCs is necessary for clinical translation of CSCs identified by ALDH activity in lung cancer. STAT3 was originally identified as acute phase response factor that bound to IL6 response elements within the promoter region of various acute phase response genes. Cytokines and growth factors are able to trigger STAT3 activation and constitutively active STAT3 is found in various tumors. A series of reports showed that the STAT3 pathway preferentially regulate CSC self-renewal, survival, and tumor initiation in many solid tumors (27) (28) (29) . This led to studies showing that STAT3 pathway blockade causes a decrease in CSCs and to a significant reduction of tumorigenicity in mouse xenograft models (28) (29) (30) 
Materials and Methods
Cell culture All NSCLC lines used in this study were obtained from the Hamon Cancer Center Collection (University of Texas Southwestern Medical Center, Dallas, TX) and maintained in RPMI-1640 (Life Technologies) supplemented with 5% fetal calf serum at 37 C in a humidified atmosphere containing 5% CO 2 and 95% air. All cell lines have been DNA fingerprinted using the PowerPlex 1.2 kit (Promega) and are found mycoplasma free using the e-Myco kit (Boca Scientific).
Aldefluor assay and FACS
The Aldefluor assay (Stem Cell Technologies) was used to profile and sort cells based on ALDH activity as previously described (14) . ALDH þ and ALDH À cells were sorted by BD Aria (BD Biosciences) cell sorters and the purity was usually >90% confirmed by post-sort analyses. Flow cytometric profiling was performed on a FACScan flow cytometer (BD Biosciences) and analyzed using FlowJo software (Treestar).
Colony formation assay
Anchorage-dependent (liquid) and -independent (soft agar) colony formation assays were done as described (14) . The inhibitors used in the study were Stattic (Calbiochem), Ruxolitinib (LC Laboratories), and GSK126 (Xcessbio).
Microarray analysis
Total RNA of sorted ALDH þ and ALDH À cells from 8 NSCLC lines was extracted using an RNeasy kit (Qiagen). Similarly, we prepared total RNA from H358 and H2087 cells expressing shGFP or shALDH1A3. Gene expression profiling on each sample was performed using Illumina HumanWG-6 V3 BeadArrays (for the 8 sorted NSCLC lines) or Illumina HumanHT-12 V4 BeadArrays (for the shRNA-
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The malignant phenotype appears driven by a subpopulation of cancer stem cells (CSC), which self-renew, differentiate, and contribute to drug resistance and metastasis. expressing H358 and H2087). Bead-level data were obtained and preprocessed using the R package mbcb for background correction and probe summarization (31) . Preprocessed data were then quartile-normalized and logtransformed.
Quantitative RT-PCR cDNA was generated with an iScript cDNA synthesis kit (Bio-Rad). Gene-specific TaqMan probes (Life Technologies) were utilized for quantitative analyses of mRNA transcript levels with the GAPDH gene as an internal reference. PCR reactions were run using the ABI 7300 Real-time PCR System and analyzed with the included software. The comparative C t method was used to calculate relative mRNA expression levels.
Western blot analysis
Whole-cell extracts were analyzed as described (18) . Primary antibodies against ALDH1A3 (Abgent), ALDH1A1 (Abcam), STAT3, phospho-Y705 STAT3, GAPDH, and Hsp90 (Cell Signaling Technology) were used in the study.
shRNA stable expression in lung cancer lines Four pLKO.1 lentiviral shRNA constructs targeting against ALDH1A3 and pLKO.1-shGFP were purchased from Open Biosystems. Lentiviruses were packaged in 293T cells. Briefly, 293T cells were cultured in DMEM containing 10% FBS and transiently transfected with shRNA vector together with pMDG-VSVG and pCMV-DR8.91 plasmids using Fugene6 (Roche). After overnight incubation, the viral supernatant was collected, filtered, and used for the transduction of lung cancer cells in the presence of 8 mg/mL polybrene (Sigma Aldrich). Stable shRNA-expressing lung cancer cells were generated after a two-week selection in 1.5 mg/mL puromycin. To generate a stable ALDH1A3-overexpressing cell line, H2009 cells transfected with pCMV6 (Origene) or pCMV6-ALDH1A3 were grown under G418 selection (800 mg/mL) for 2 weeks.
In vivo xenograft growth
Limiting dilutions of H358 or H2087 cells infected with pLKO.1-shGFP or pLKO.1-shALDH1A3 were subcutaneously injected into the right flank of 5 female NOD/SCID mice per group. Tumor growth was monitored by caliper measurements and tumor volume was calculated by width Â length 2 Â p/6. Two months later, mice were sacrificed and tumors were dissected. A single-cell suspension of xenograft tumors was confirmed by microscopy after 4-hour incubation with 1 mg/mL Collagenase I in Hank's balanced salt solution (Gibco) at 37 C with intermittent vortexing. Tumor cell lysate was generated using TissueLyser II (Qiagen).
Transient transfection of NSCLCs with siRNA
Endogenous STAT3 in NSCLC lines were silenced using four STAT3 siRNAs (Dharmacon) according to the manufacturer's instructions. The silencing efficiency was detected using real-time PCR and Western blotting.
Tissue microarray preparation and immunohistochemical staining
Formalin-fixed and paraffin-embedded (FFPE) tissues from clinically annotated, surgically resected lung cancer specimens were obtained from the Lung Cancer Specialized Program of Research Excellence (SPORE) Tissue Bank at MD Anderson Cancer Center used to construct NSCLC tissue microarray (TMA). Tissue sections (5 mm) were stained with ALDH1A3 antibody (1:100, Abcam) and assigned expression scores. NSCLCs were dichotomized into ALDH1A3 high and low expression classes on the basis of its median expression scores.
Statistical analysis
Simple linear regression analysis was carried out to determine correlation between ALDH1A3 expression and ALDH activity in NSCLC lines. ANOVA, c 2 , and Student t-test were performed using GraphPad Prism 5 software to test for significant differences in RT-PCR, tumor growth, tumor incidence, percentage of ALDH þ cells, colony formation assays, and the correlation between ALDH1A3 expression and clinicopathologic characteristics. The survival curves were plotted using the Kaplan-Meier method and log-rank test. The difference was statistically significant when P value was lower than 0.05. Fig. S1 ). Anchorage-dependent and -independent colony formation assays were carried out to confirm the enhanced colony-forming ability of ALDH þ cells compared with ALDH À cells ( Fig. 1A and B and Supplementary Fig. S2 ). The mRNA transcripts of sorted cells were analyzed using the HumanWG-6 genome-wide microarray platform. Some gene expression differences between ALDH þ and ALDH À sorted cell populations were common across all cell lines. Chief among these differences was the upregulated expression of ALDH1A3 transcript in ALDH þ cells. Because there are 19 isozymes in the human ALDH superfamily, we compared their expression and found that ALDH1A3 was the most upregulated gene in the family in ALDH þ populations (Fig. 1C and D) . In light of this 
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ALDH1A3 protein expression in NSCLC patient tumor samples
Previously, we reported that ALDH1A1 high expression is associated with poor overall survival in NSCLCs, which is consistent with the hypothesis that lung cancers enriched in CSCs would have a worse prognosis (14) . To investigate whether NSCLCs with different ALDH1A3 expression were associated with clinicopathologic characteristics or clinical outcome, we analyzed ALDH1A3 protein expression by immunohistochemistry (IHC) in 455 NSCLC specimens. Representative different level of ALDH1A3 staining was shown in Fig. 1E . While ALDH1A3 cancer cell subpopulations were found in a substantial number of patients with NSCLC, statistical analysis revealed that ALDH1A3 high expression was significantly associated with female (P < 0.019), never smokers (P < 0.0005), adenocarcinoma histology (P < 0.0001), and well-differentiated lung tumors (P < 0.0001; Supplementary Table S3) . Kaplan-Meier survival analysis was carried out to examine the prognostic value of tumor ALDH1A3 expression. We found that ALDH1A3 high expression was associated with better overall survival but not recurrence-free survival in the whole cohort (Fig. 1F) Table S1 ). We also knocked down ALDH1A3 using siRNAs followed by liquid colony formation assays in NSCLC lines with a variety of important different driver mutations, such as KRAS, EGFR, EML4-ALK fusion, PTEN, PIK3CA, BRAF, and LKB1 mutation ( Supplementary Fig. S3C ). We found that ALDH1A3 depletion significantly impaired liquid colony-forming ability in all of the tested NSCLC lines except H3122 cells (which contain EML4-ALK fusion mutation), indicating that the role of ALDH1A3 is predominant in most NSCLC lines with variable driver mutations. Previous analyses have indicated ALDH1A1 as the principal CSC-associated ALDH isozyme in lung cancer (14, 32, 33) . To determine the relationship between ALDH1A1 and ALDH1A3 expression in lung cancer, we assayed their expression in a panel of lung cancer lines. Interestingly, significant ALDH1A1 expression was detected in SCLC lines and a small number of NSCLC lines, whereas ALDH1A3 was detected in most NSCLC lines with the exception of those that highly express ALDH1A1 ( Supplementary Fig. S3A and S3B). Together, these data indicate that either ALDH1A3 or ALDH1A1 are responsible for the ALDH þ phenotype with ALDH1A3 being significantly more frequent than ALDH1A1 in NSCLC.
ALDH1A3 knockdown reduces NSCLC ALDH activity and tumor cell clonogenicity ALDH-mediated reduction of cellular aldehydes has been shown to be important in a variety of cellular functions, including cell detoxification, growth, differentiation, and self-renewal (34, 35) . To examine the function of ALDH1A3 in the context of lung CSCs, we evaluated the effect of suppressing ALDH1A3 in NSCLC line H358 and H2087. We tested 4 shRNA targeting ALDH1A3 to achieve stable knockdown of ALDH1A3 via lentiviral delivery and found a shRNA clone that could effectively reduce ALDH1A3 expression in two lines compared with control cells expressing shGFP (Fig. 3A and B) . The control H358 and H2087 cells contained 13% and 9% ALDH þ cells, respectively, which were comparable with their uninfected parental cells. In contrast, expression of shALDH1A3 resulted in a 5-fold reduction in the percentage of H358 and H2087 ALDH þ cells (Fig. 3C ).
To test whether ALDH1A3 was required for the clonogenicity of lung CSCs in vitro, colony formation assays revealed that knockdown of ALDH1A3 in H358 cells decreased the clonogenic capacity by 3-fold in anchorage-dependent and 5-fold in anchorage-independent assays, respectively, compared with control cells (P < 0.01; Fig. 3E ). Similar effects were observed in H2087 cells (Fig. 3F) . Consistently, depletion of ALDH1A3 using siRNAs significantly reduced liquid colony-forming ability of sorted ALDH þ H358 cells (Supplementary Fig.   S3D ). The data suggest that the impaired colony-forming ability was due to reduction of the ALDH þ subpopulation in lung cancer cells and that ALDH1A3 is necessary for NSCLC cells to form robust colonies in vitro.
To confirm that these results were not due to off-target effects on other ALDH isozymes, microarray analysis was performed on control and shALDH1A3-expressing H358 and H2087 cells to examine the mRNA expression of the 19 members in ALDH family. We observed that shRNAmediated knockdown of ALDH1A3 reduced its transcript expression by approximately 3-to 5-fold in H2087-and H358-shALDH1A3 cells, respectively, whereas the expression levels of most other ALDH isozymes remained relatively unchanged compared with shGFP cells (Fig. 3D) . These data suggest that ALDH1A3 is the key ALDH isozyme that is functionally important for maintaining NSCLC ALDH þ cells and clonogenic growth in vitro.
ALDH1A3 knockdown impairs lung cancer cell tumorigenicity
To investigate whether ALDH1A3 is essential for the tumorigenicity of lung CSC in vivo, we assayed the tumorforming ability of limiting dilutions of stable shALDH1A3-expressing H358 and H2087 cells. Six groups of 5 female NOD/SCID mice were subcutaneously injected with 10 5 , 10 4 , or 10 3 shALDH1A3 or control shGFP-expressing H358 and H2087 cells. We observed that suppression of ALDH1A3 expression in H358 and H2087 resulted in a significant decrease in tumor-forming ability relative to control cells. The greatest reduction in H358-and H2087-shALDH1A3 cell tumorigenicity was observed at the lowest (10 3 ) cell dilution ( Fig. 4A and B; Supplementary Table S2 ). Of the mice that did form tumors from shALDH1A3 cells, tumor volumes were significantly reduced and their growth rates significantly diminished compared with shGFP-derived tumors from the same inoculation group. shALDH1A3-expressing H358 cells were dramatically smaller than those from control cells (10 5 and 10 4 injected cell groups, P < 0.001; 10 3 group, P < 0.01); likewise, shALDH1A3-expressing H2087 cells generated significantly smaller tumors than control H2087 cells (P < 0.001).
To determine whether the reduction in H358-and H2087-shALDH1A3 cells was associated with a decrease in ALDH activity, Aldefluor assay of disassociated tumor cells revealed that the percentage of ALDH þ cells was about 3-fold lower in both H358-and H2087-shALDH1A3 tumors compared with their corresponding control xenografts ( Fig. 4C and D) . To ensure that ALDH1A3 expression was suppressed in H358-and H2087-shALDH1A3 cellderived xenografts, Western blots confirmed the reduction of ALDH1A3 protein in shALDH1A3 cell-derived xenografts compared with control xenografts, with the greatest reduction of ALDH1A3 protein observed in H2087-shALDH1A3 tumors ( Fig. 4C and D) . Together, these results support the hypothesis that ALDH1A3 expression is required for lung cancer ALDH activity and tumorigenicity in vivo.
Overexpression of ALDH1A3 is not sufficient to promote lung cancer cell tumorigenicity To determine whether ALDH1A3 was not only necessary but sufficient to promote CSC activity, we generated stable Figure 3 . shRNA-mediated knockdown of ALDH1A3 reduces ALDH activity and clonogenicity of lung cancer cells. A, qRT-PCR analysis showed a significant reduction of ALDH1A3 expression in H358 cells expressing 4 different shALDH1A3 constructs compared with control H358-shGFP cells top). Decreased ALDH1A3 protein level was confirmed by Western blot analysis (bottom). B, similarly, knockdown of ALDH1A3 in H2087 cells was achieved using the shALDH1A3-2 construct. C, Aldefluor assays of H358-and H2087-shGFP or shALDH1A3-2 cells showed a dramatic reduction of ALDH þ population in shALDH1A3-expressing cells compared with control cells. D, the specificity of ALDH1A3 knockdown was confirmed by microarray analysis and shown in a heatmap of 19 ALDH isozyme gene expression ratios in shALDH1A3 versus shGFP-expressing H358 and H2087 cells ( Ã , P < 0.05; ÃÃ , P < 0.01). E and F, anchorage-dependent (left) and -independent (right) colony formation assays revealed a significant reduction of clonogenic ability due to depletion of ALDH1A3 in H358 and H2087 cells ( Ã , P < 0.05; ÃÃ , P < 0.01).
ALDH1A3-overexpressing H2009 cells as well as an empty vector-transfected control H2009 cell line (Supplementary Fig. S5A ). Ectopic overexpression of ALDH1A3 significantly increased the proportion of ALDH þ cells in H2009 from 4% to 59% (Supplementary Fig. S5B ). However, in vitro colony formation assays revealed no significant difference in clonogenicity between ALDH1A3-overexpressing H2009 cells and control cells (Supplementary Fig. S5C ). Four groups of 5 female NOD/SCID mice were subcutaneously injected with 10 5 or 10 4 H2009-pCMV6-ALDH1A3 or H2009-pCMV6 cells, and after 8 weeks, no significant difference in tumor engraftment or growth rate was observed between limiting dilutions of ALDH1A3-overexpressing and control groups (Supplementary Fig. S5D ). These data indicate that ALDH1A3 alone is not sufficient to enhance tumor-initiating ability of NSCLC cells.
STAT3 signaling pathway regulates ALDH activity in NSCLC stem cells
To further investigate how ALDH activity in NSCLC stem cells is regulated, we performed a siRNA screen in which 40 genes related to stem cell self-renewal pathways were knocked down followed by cell viability and liquid colony formation assays. We found that the Notch pathway components Hey1 were involved in the regulation of lung cancer colony formation, which is consistent with our prior report showing the requirement of the Notch signaling in colony formation for lung cancer ALDH þ cells (14) . The data also identified STAT3 as a potential target for lung cancer ALDH þ clonogenic cells. Immunoblot analysis
showed that sorted ALDH þ H2087 cells contained more phospho-Tyr705 STAT3 than ALDH À cells (Fig. 5A) , whereas H2087-shALDH1A3 cells expressed much less activated STAT3 compared with control cells. Similarly, phospho-STAT3 was less abundant in xenograft tumors derived from H2087-shALDH1A3 cells compared with control tumors (Fig. 5B) . To examine the role of STAT3 pathway in ALDH þ lung cancer cells, we targeted STAT3 pharmacologically with Stattic, and assessed ALDH activity. Stattic has been reported as a potent STAT3-specific inhibitor. We found that treatment with 1 or 3 mmol/L Stattic diminished ALDH þ populations compared with control H2009 NSCLC cells (P < 0.05; Fig. 5C ). Similarly, Stattic treatment also reduced ALDH1A3 expression and ALDH þ cells in H358 and H2087 cells (Fig. 5C ). Liquid colony formation assay revealed that Stattic significantly reduced anchorage-dependent colony formation in several NSCLC lines at very low concentrations (Fig. 5D) . To test the potential role of JAKs, common upstream activators of STAT3, in ALDH þ lung cancer cells, H358 and H2009 cells were exposed to two JAK inhibitors, ruxolitinib (JAK1/2 inhibitor) or tofacitinib (JAK1/3 inhibitor), followed by Aldefluor assays. We found that ruxolitinib but not tofacinitib reduced ALDH þ lung cancer cells indicating the role of JAK2 in this process ( Figure 5E and data not shown).
To further interrogate the effect of STAT3 on ALDH activity, we transiently transfected H2009 cells with four different siRNAs targeting STAT3. We found significant reductions of both STAT3 mRNA expression (Fig. 6A) and clonogenicity (Fig. 6B) . Aldefluor assay and Western blot analysis revealed that knocking down of STAT3 by siRNA in H2009 cells caused a reduction of ALDH activity (Fig. 6C) . These data suggest that the STAT3 pathway is activated in ALDH þ compared with ALDH À lung cancer cells and abolishing STAT3 reduces tumor cell clonogenicity. In addition, Enhancer of Zeste Homolog 2 (EZH2)
has recently been shown to bind to and methylate STAT3, leading to enhanced STAT3 activation in glioblastoma stem-like cells (28) . We treated H2009, H358, and H2087 cells with 5 or 10 mmol/L of the highly selective EZH2 inhibitor GSK126 and found that ALDH activity was decreased ( Fig. 6D and E) . Thus, our data obtained from in vitro and in vivo experiments in NSCLCs support the hypothesis that ALDH1A3 is the major isozyme responsible for elevated ALDH activity in a subpopulation of NSCLC, and that the STAT3 pathway is involved in the regulation of ALDH activity, which is illustrated in our current working model (Fig. 6F) .
Discussion
In the current study, we isolated ALDH þ cells from 8 (17) . One of the genes that demonstrated differential expression between the ALDH þ and ALDH À populations in lung cancers is the ALDH isozyme ALDH1A3, which we then studied in detail. We found that ALDH1A3 depletion in NSCLCs resulted in a significant reduction in ALDH activity, clonogenicity, and tumorigenicity, suggesting that ALDH1A3 is indispensable for NSCLC cell survival and growth.
Other studies have reported that ALDH activity measured by the Aldefluor assay is regulated by different isozymes in different types of cancer. For example, Levi and colleagues showed that ALDH2, ALDH3A1, and/or ALDH9A1 could be responsible for ALDH activity in ALDH1A1-deficient hematopoietic cells (36) . Van den Hoogen and colleagues discovered that ALDH7A1 was highly expressed in prostate cancer cell lines and prostate cancer tissue, indicating that ALDH7A1 was responsible for the ALDH activity in prostate cancer cells (37) . Chen and colleagues showed that ALDH1B1 was expressed in 98% of colon cancer samples (26) . Luo and colleagues reported that ALDH þ melanoma cells, in which ALDH1A1 and ALDH1A3 were the predominant isozymes, were more tumorigenic compared to ALDH À cells isolated from human melanoma tumors (18) . Therefore, we expected that one or a few ALDH isozymes could be upregulated in ALDH þ lung cancer cells.
Our data revealed that the ALDH1A3 isozyme was highly expressed in ALDH þ compared with ALDH À lung tumor cells. Similarly, Marcato and colleagues demonstrated that ALDH1A3 was an important breast CSC marker through IHC, Western blot analysis, and shRNA-mediated knockdown assays (25) . These findings suggest that different ALDH isozymes contribute to the elevated ALDH activity in CSCs of varied origin. Our previous and current IHC staining showed that ALDH1A1 and ALDH1A3 are differentially expressed in lung squamous cell carcinomas (SCC) and adenocarcinomas, respectively (14) . Likewise, Alamgeer and colleagues reported that ALDH1A1 is strongly expressed in lung SCC (P ¼ 0.002; 38). Alamgeer and colleagues like our study found that the CSC CD133 was not associated with prognosis in adenocarcinoma histology, but that the tumors with both a high ALDH1A1 and CD133 score had the worse prognosis. Our current study showed that ALDH1A3 expression, while found in the majority of NSCLCs, was associated with adenocarcinoma well-differentiated histology and female gender. Given the expected better prognosis of tumors with these clinical characteristics, when the group was tested as a whole, it should not be surprising that tumors with increased ALDH1A3 score actually had better survival. Overall, it appears that NSCLCs can have different classes of ALDH þ cell subpopulations, at least one driven by ALDH1A1 that has a worse prognosis than tumors driven by ALDH1A3. Why one particularly ALDH isozyme is selected for the cancer cell subpopulation remains to be determined. We wanted to know the functional role of ALDH1A3 in the NSCLC malignant phenotype. shRNA-mediated knockdown experiments revealed that ALDH1A3 was necessary in maintaining both the ALDH þ population and lung tumor growth in vitro and in vivo. However, exogenously overexpressed ALDH1A3 was not sufficient by itself to enhance NSCLC tumor growth. It is possible that other factors might be required along with ALDH1A3 expression to promote tumor progression. It is also possible that there is a negative feedback loop between retinoic acid and expression of ALDH1 family isozymes that might affect the ability of ALDH1A3 to promote tumor growth (39, 40) . Recently, the ALDH1/retinoic acid signaling pathway has been shown to play a role in regulating ALDH1 expression in both normal and cancer stem cells (41) (42) (43) . Moreb and colleagues reported that treating various lung cancer cell lines with all-trans retinoic acid (ATRA) led to a reduction of ALDH1 and increased their sensitivity to cyclophosphamide (44) . In contrast, our retinoic acid studies did not lead to a significant growth inhibition in many NSCLC and SCLC lines (45) . The potential clinical application of ATRA in solid tumors is still unclear and a small, phase I/II clinical trial designed to study the combination of ATRA and Tamoxifen in patients with breast cancer did not provide a significant benefit (46) . Going forward, it will be critical to elucidate the biochemical targets of ALDH1A3 in lung cancer cell growth and survival. To decipher underlying mechanisms by which ALDH activity is regulated, we knocked down the genes related to stem cell self-renewal and other potential regulators in a siRNA screen. We found that abolishing STAT3 impaired NSCLC cell growth and liquid colony formation. This also led us to find that inhibiting ALDH1A3 led to a decrease of p-STAT3. Finally, we found that pharmacologically inhibiting EZH2, a recently described STAT3 activator, also diminished STAT3 and the number of ALDH þ tumor cells.
Further studies are now required to precisely define how STAT3/EZH2 is preferentially activated in ALDH þ lung cancer cells in vivo. In summary, we have shown that the ALDH1A3 isozyme is a robust marker for a subpopulation of highly clonogenic and tumorigenic NSCLC cells. It is also essential for these growth functions in vitro and in vivo. We found that lung cancers contain ALDH þ subpopulations with different mRNA expression profiles. However, a common feature was our discovery that in many cases of NSCLC, ALDH1A3 is the isozyme driving the ALDH þ phenotype, that STAT3 activation is essential for the maintenance of the subpopulation of ALDH þ lung cancer cells, and that in turn, this was driven by EZH2. The results presented here provide a working model toward developing targeted therapy for this biologically important ALDH1A3 þ subset of lung cancer cells.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
